The ultrastructural development of guinea pig cytomegalovirus (GPCMV) in guinea pig embryo cells was studied using electron microscopy. Tubular structures were found in nuclei of virus infected cells, followed by the appearance of intranuclear inclusions containing virus nucleocapsids. While some nucleocapsids were enveloped at the inner nuclear membrane, others were released into the cytoplasm where they were associated with, or within, dense matrix which was subsequently enveloped by cytoplasmic membranes to form enveloped dense virions. Dense bodies without virus capsids were formed in the cytoplasm and enveloped in a similar manner. An involvement of the nuclear pores in the release of unenveloped virus capsids from the nucleus to the cytoplasm was postulated. Evidence that the enveloped dense virions and dense bodies shared common envelope antigen(s) was obtained by immunoelectron microscopy. The similarities and differences in the ultrastructuraI development of GPCMV and other cytomegaloviruses are discussed.
INTRODUCTION
Guinea pig cytomegalovirus (GPCMV) was the first in this group of viruses to be recognized as a filterable infectious agent responsible for the intranuclear inclusions present in the enlarged duct cells in the guinea pig submaxillary gland (Cole & Kuttner, 1926) . Successful propagation of this virus in tissue culture cells was not made until 30 years later (Hartley et al. I957) . In spite of the early recognition and isolation of this virus, only two reports were made of the ultrastructural development of GPCMV (Middlekamp et al. 1967; Patrizi et al. 1967) .
Other studies have indicated that in vivo GPCMV infection resembled CMV infection observed in man (Connor & Johnson, I976; Tenser & Hsiung, I976) . It was therefore of interest to study the in vitro growth of GPCMV and compare it with the growth characteristics reported for human CMV. The present report describes the electron microscopic observation of sequential changes that occurred during the development of GPCMV in cultured guinea pig embryo cells and compares these events with observations made for cytomegaloviruses of human and other animal origin. 
METHODS
Virus strain. The prototype strain of GPCMV was obtained from the American Type Culture Collection (Strain 22122). Stock virus was prepared in guinea pig embryo cell cultures. Virus titres ranged from io ~ to IO G TCDso/ml.
Antisera. Antiserum to GPCMV was obtained from Hartley guinea pigs inoculated with either GPCMV infected salivary gland tissue or GPCMV infected tissue culture stock. The anti-GPCMV neutralizing antibody titre of these sera ranged from I6O to 320. Normal guinea pig serum was used as control serum.
Cell cultures. Guinea pig embryo (GPE) cell cultures were prepared from 3o-to 4o-day-old embryos. The cells were dispersed in o'125 ~o trypsin according to the method described previously (Hsiung et al. 1976) . Cells were grown in Dulbecco's modified Eagle's minimal essential medium containing IO ~o foetal bovine serum and maintained in Eagle's medium with 5 % foetal bovine serum. All media contained penicillin, IOO units/ml, streptomycin, IOO #g/ml, amphotericin B, 2. 5 #g/ml and tylocine, 80 #g/ml (anti-mycoplasma agent).
Infection of cells. Low passage level GPE cells were grown in 3 oz prescription bottles and infected with GPCMV at an input multiplicity of approx. 5 TCDs0/cell. Virus was allowed to adsorb at 35 °C for 2 h. Unadsorbed virus was removed by washing with Hanks' balanced salt solution. At selected time intervals, two sets of samples were taken; one was prepared for electron microscopy and the other was frozen at -7o °C for infectivity assay. GPCMV infectivity titres were determined in GPE cell culture tubes and the titre was expressed as TCDs0/ml.
Electron microscopy. The electron microscopy techniques used for visualization of virus grown in cell cultures were essentially the same as described previously (Fong et al. 1973) except that after the postfixation with osmium tetroxide the pellets were treated for 4 h with o'5 % uranyl acetate for en bloc staining. Thin sections were stained with uranyl acetate and lead citrate (Frasca & Parks, 1965) and examined with a Philips EM 300 electron microscopy at 60 kV. Negative staining procedures were used for examination of the sucrose gradient purified virus, i.e. stained with 2 % phosphotungstic acid (PTA,pH 7.o) on Formvarcarbon coated grids.
Immunoeleetron microscopy and immunoferritin technique. Immunoelectron microscopy procedures provide a direct rapid method for studying antigenic relationships. In this instance GPCMV antiserum, or normal guinea pig serum, at a I : IO dilution was mixed with an equal vol. of partially purified GPCMV. The mixture was incubated at room temperature for I h, applied to Formvar-carbon coated grids, negatively stained with PTA and examined immediately under an electron microscope. Indirect immunoferritin electron microscopy was also employed, using the techniques described by Coward et al. (i972) with some modifications. Guinea pig embryo monolayer cell cultures that had been infected with GPCMV for 2 to 3 days and which exhibited cytopathic effect in approx. 5o % of the cells, and uninfected monolayer cultures were overlaid with anti-GPCMV or normal guinea pig serum at a I : IO dilution and incubated at 35 °C for I h. The excess serum was removed and the cells were washed with phosphate buffered saline. Ferritin conjugated rabbit anti-guinea pig gamma globulin (Cappel Laboratories, Inc., Cochranville, Pa.) was then added to the cell monolayers, which were incubated for an additional I h at 35 °C. After the initial washings, the cells were fixed with buffered glutaraldehyde and removed from the glass. Cell pellets were prepared for electron microscopy as described above.
Chemical inhibitors. Stock solutions of cytosine arabinoside (Ara-C) and 5-bromo-2'-deoxyuridine (BrdUrd) (Nutritional Biochemical Corp., Cleveland, Ohio), and Strepto- C.p.e. vitacin A (The Upjohn Company, Kalamazoo, Michigan) were initially dissolved in triple distilled water and filter sterilized. Before use, the inhibitors were further diluted with maintenance medium to the desired concentrations.
RESULTS

Time course of GPCMV replication
A quantitative representation of virus production, as correlated with both cytopathic effect (c.p.e.) and ultrastructural development, is shown in the GPCMV growth curve illustrated in Fig. I . A small amount of infectious progeny virus could be detected as early as 24 h after inoculation; GPCMV infectivity increased thereafter, reaching a maximum at about 96 h. Specific virus induced c.p.e, could be seen at approx. 24 h post infection (p.i.) 
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and became progressively extensive thereafter. The ultrastructural changes observed were correlated with virus infectivity and will be described in the following paragraphs.
Intranuclear development of GPCMV
The appearance of tubular structures ( Fig. t, 2 a) in the nucleus of GPCMV infected GPE cells, approx. I8 h after inoculation, marked the earliest evidence of GPCMV-induced changes. The tubular structures which appeared in clusters and often exhibited a sharp outline, were 6o nm wide and varied in length. They appeared circular in form when seen in cross-section. These tubular structures were frequently observed at all stages of infection, but they were not seen in any of the uninfected GPE cells examined. At about 22 h after infection, in addition to the tubular structures, inclusions containing virus nucleocapsids Ioo nm in diameter could be seen (Fig. 2a) . The virus nucleocapsids seen at this stage generally lacked a dense core and their outline was generally less sharp than that of the tubular structures. By 48 h after infection, progressive changes were noted, including nucteocapsids at different stages of development in the nuclei (Fig. 2 b) of a significantly increased number of cells. Occasionally, cylindrical dense cores could be seen in some nucleocapsids (Fig. 2b ). Budding of virus nucleocapsids at the inner nuclear membrane to form enveloped virus was frequently observed (Fig. z e, d ).
Formation of dense bodies and enveloped virions in the cytoplasm
A few electron dense bodies and enveloped dense virions of variable size, enclosed or partially enclosed in membrane-bound vacuoles, were first observed in the cytoplasm of GPCMV infected GPE cells at 24 h after infection and increased significantly in number by 48 h. Apparently, the chain of events associated with the formation of enveloped dense virions in the cytoplasm was initiated by the appearance of a single virus capsid in the vicinity of a nuclear pore within the cytoplasm (Fig. 3 a) , followed by an association with a small amount of dense matrix (Fig. 3 b, arrow) . The dense matrix enlarged as an increasing amount of dense material and a larger number of virus capsids appeared; several virus capsids or nucleocapsids within one dense matrix were occasionally seen (Fig. 3 b) . Most of the virus capsids seen in association with the enlarging dense matrix were coreless ( Fig. 3 b) ; however, the capsids within the dense matrix exhibited dense cores. It would seem that the virus capsids, after being released from the nuclei, probably through nuclear pores, merged with the dense matrix that subsequently came into contact with smooth membrane structures in the Golgi region or endoplasmic reticulum. Eventually the capsids were enclosed by the membrane to form the enveloped dense virions that appear to be typical for GPCMV infected cells. Dense bodies without virus capsids were also found in the cytoplasm and enclosed by similar membrane structures. Many enveloped dense virions and dense bodies were seen at different locations in the cytoplasm at a late stage of infection (Fig. 3 c) . Free nucleocapsids without envelopes that were seen in the cytoplasm of human CMV infected fibroblasts (Smith & de Harven, 1973) were not observed in GPCMV infected guinea pig cells.
Extracellular virus observed in thin sections and negatively stained preparations
Enveloped virus particles and dense bodies at the extracellular space were seen infrequently 24 h after infection, but increased in number by 48 h (Fig. 4 a) . The internal structure of a typical extracellular virus particle is illustrated in Fig. 4(b) . The size of the extracellular virus particles and dense bodies varied greatly and ranged from I47 to 338 nm in diam., with an average of 258 nm. Sucrose gradient purified GPCMV, stained with 2 % Ultrastructure of guinea pig cytomegalovirus (Fig. 4c) . The second type of particles had an average diam. of ~7o nm and appeared to be electron lucent; no detailed surface structure could be seen due to lack of penetration by the staining solution (Fig. 4 d) . The latter particles were probably enveloped virions similar to those described for herpes simplex virus (Spear & Roizman, I972) . The third type, enveloped virions, contained one or two full or empty nucleocapsids (Fig. 4 e, f) . The size range for the negative stained preparations of the dense bodies and the enveloped virions, excepting the second type described above, was 2o0 to 350 nm in diam. A GPCMV nucleocapsid, released from the envelope, is illustrated in Fig. 4(g) .
Antigenic relationship between dense enveloped virions and dense bodies
The antigenic relationship between enveloped virions and dense bodies was investigated by direct immunoelectron microscopy and indirect immunoferritin tagging technique, using antiserum to GPCMV derived from guinea pigs inoculated with either GPCMV infected salivary gland tissues or infected tissue culture stock. Ferritin particles tagged to the surface of both the dense bodies and the enveloped virions, but not to the plasma membrane of infected cells, were observed when either serum sample was used (Fig. 5 a) . There was no reaction to either GPCMV or to the dense bodies when normal guinea pig serum was tested. When partially purified GPCMV and dense bodies derived from infected tissue culture cells were mixed with antiserum from guinea pigs inoculated with infected salivary gland tissue, aggregates containing many dense bodies and enveloped virions, linked together by the presence of specific antibody, were observed (Fig. 5b) . Since dense bodies were not found either in the infected salivary gland tissue suspension or in thin sections of salivary gland duct cells (our unpublished data), these results indicate that dense bodies and enveloped virions shared common antigen(s).
Effect of chemical inhibitors on GPCMV replication
The effect of different DNA or protein inhibitors on the development of GPCMV was investigated by adding the chemical to the cells immediately after virus adsorption (2 h). After 4 days of infection, one set of chemically treated or untreated infected cultures was fixed for electron microscopy, another set of cultures was frozen at -7o °C for infectivity assay. The results are shown in Table I . Both cytosine arabinoside (Ara-C, IO #g/ml) and 5-bromodeoxyuridine (BrdUrd, 4o #g/ml) inhibited production of infectious GPCMV by 4 logs or greater. Electron microscopic examination revealed no virus nucleocapsids, complete virions or dense bodies in the GPCMV infected, Ara-C or BrdUrd treated cells. However, the latter chemicals did not inhibit the development of the tubular structures which were observed in many Ara-C or BrdUrd treated GPCMV infected cells (Fig. 6) . Streptovitacin A, a protein inhibitor, on the other hand, inhibited all virus synthesis at I #g/ml including development of tubular structures, virus nueleocapsids and infectious virions.
Summary of the development and release of GPCMV in GPE cells A schematic diagram illustrating the electron microscopic observations described above is shown in Fig. 7 . Tubular structures (TS) and virus inclusions containing nucleocapsids are assembled in the nucleus. Virus nucleocapsids enveloped at the nuclear membrane to form enveloped virions are released into the cytoplasm. Whether these enveloped virions acquire additional dense substance in the cytoplasm to form enveloped dense virions while they are (Ara-C) 5-bromo-z'-deoxyuridine 40
Streptovitacin A I undetectable ---* Culture medium containing inhibitors was added 2 h post-inoculation. At 4 days post-inoculation, all cultures were either fixed for electron microscopy or harvested for infectivity assay.
being transported to the extracellular space is not known. The electron dense amorphous substance present in the cytoplasm, enclosed by a membrane structure, that does not contain virus nucleocapsids has been designated as a dense body (DB). The sequential steps that occur in the formation of enveloped dense virions, which are defined as dense bodies containing virus nucleocapsids, are indicated by arabic numerals. Both enveloped dense virions (EDV) and dense bodies in cytoplasmic vacuoles were probably released to the extracellular space through a reverse phagocytosis mechanism, or by membrane breakage.
DISCUSSION
The present study provides details regarding the ultrastructural development of GPCMV in cultured GPE cells, some of which have not been reported previously. The tubular structures observed in the GPCMV infected cells appeared to be a distinctive characteristic of GPCMV induced changes in cultured cells. Similar structures were not seen in human cytomegalovirus infected human cells (McGavran & Smith, 1965; Ruebner et al. I965; Iwasaki et al. I973) nor murine cytomegalovirus infected mouse cells (Luse & Smith, I958) . From the data obtained in the chemical inhibition experiments, synthesis of the tubular structures did not require DNA synthesis but was dependent upon de novo protein synthesis; it is likely that the tubular structures were protein in nature. The function of these structures in the course of GPCMV infection has not been determined. Despite extensive examination of the GPCMV infected cells during the various experiments, we did not see any filamentous structures in the GPCMV infected cells as reported by Middelkamp et al. (I967) , although such filamentous structures were often observed in guinea pig cells infected with another guinea pig herpesvirus (Fong & Hsiung, 1977) . Whether or not the previous observations were the result of a dual infection of the cells used in the former study cannot be determined.
The envelopment of GPCMV at the inner nuclear membrane was comparable to observations commonly made for other herpesviruses. However, the accumulation of enveloped virions in nuclear vacuoles to form large packages of enveloped virions in the nucleus, as observed with the guinea pig herpesvirus (Fong et al. I973) , was not commonly seen in GPCMV infected cells.
A distinctive characteristic observed in the present study was the formation of enveloped dense virions, containing one or more capsids, and dense bodies in the cytoplasm of infected cells. Enveloped multicapsid virions were also observed in mouse CMV infected mouse embryo cells but the mechanism by which the enveloped dense virions were formed was not Fig. 6 . GPE cells infected with GPCMV for 2 h followed by treatment with Ara-C for 4 days.
Note: tabular structures but no progeny virus particles are seen in the infected nucleus. Virus nucleocapsid is enveloped at the nuclear membrane. Electron dense amorphous substances in the cytoplasm, enclosed by membrane structures and without virus nucleocapsids, are designated as dense bodies (DB). The sequential steps in the formation of enveloped dense virions EDV), defined as dense bodies containing virus nucleocapsids, are indicated by arabic numbers.
described (Hudson et al. I976) . In the present study, based upon a number of electron micrographs (Fig. 3 a, b) , many virus capsids appeared to have been released from the nucleus into the cytoplasm through nuclear pores, followed by association with an electron dense matrix, which was in turn enclosed by membrane structures to form enveloped dense virions. This sequence of events has not been reported for other herpesviruses as a method of virus envelopment. Electron micrographs of GPCMV infected GPE cells indicated that the nuclear pores were slightly smaller than the virus capsid. Whether the nuclear pores present in GPCMV infected cells can be dilated or stretched during virus infection in order for the virus capsids to pass through from nucleus to cytoplasm remains to be determined. It is possible that the nuclear membrane may be more fragile in virus infected cells than in uninfected cells and therefore the virus capsids can be easily released via membrane breakage or nuclear pores. Since the coreless virus capsids associated with dense matrix in the vicinity of nuclear pores were not seen in the early stage of infection, i.e. GPCMV infected cells fixed less than 24 h after inoculation, it is unlikely that these entities were residual uncoated virus from the original inoculum. It was also noted that the virus capsids seen at the time of entrance into the dense matrix Ultrastructure of guinea pig cytomegalovirus I39
were always coreless ( Fig. 3b) and acquired dense cores later during development into enveloped dense virions. How and where these virions obtained the dense cores in the cytoplasm, after they left the nucleus, is not known. Whether virus nucleic acid can be transported separately through the nuclear pore and incorporated into the virus capsid outside the nucleus remains to be determined. In studies of human CMV, strain Kap-9 in human fibroblast-like cells derived from Kaposi sarcoma, showed morphological evidence that core material penetrated into empty virus capsids at different sites including the nucleus, the nuclear envelope, and the cytoplasm. It is possible that GPCMV core material may also penetrate into virus capsids by way of the nuclear pores after the capsids have merged into the dense matrix in the cytoplasm. Dense bodies without virus capsids, enclosed by membrane structures, were commonly found in the cytoplasm of GPCMV infected cells. Formation of dense bodies in human CMV infected human cells has been reported by many investigators (Luse & Smith, I958; Craighead et al. 1972; Kanich & Craighead, ~ 972; Iwasaki et al. 1973) . The dense bodies induced by human CMV were larger and contained more dense substance than the enveloped virions and the two could be easily distinguished. However, this was not the case in GPCMV infected cells; the dense bodies and enveloped virions were in a similar size range and the contents of the electron dense matrix appeared similar, making it difficult to distinguish between the two in GPCMV infected cells.
The results of the antigenic studies, using direct immunoelectron microscopy and indirect immunoferritin technique, indicate that a cross antigenic reactivity existed between the dense bodies and the enveloped dense virions obtained from GPCMV infected cells. Antigenic analysis of dense bodies and virions in human cytomegalovirus infected cells showed a comparable cross reactivity (Craighead et al. I972; Fiala et al. I976) . Furthermore, our recent electron microscopic observations of salivary gland duct cells infected with GPCMV in vivo showed that only mature virions were present in the cytoplasm or extracellular space; no dense bodies were seen in the infected duct cells (data to be published). The antiserum obtained from the guinea pigs immunized with GPCMV infected salivary gland tissues theoretically should not have possessed antibodies to the dense bodies which were only produced in GPCMV infected tissue culture cells. However, when testing the antiserum to the former, a positive antigen-antibody reaction to mature virions as well as dense bodies was demonstrated. These results strongly suggest that the dense bodies and the mature virions share a common surface antigen(s). The data presented in this study illustrate not only the complexity of the cytomegalovirus infectious process, but also the similarities between the events observed in GPCMV infected cells and those seen in human CMV infected cells, thus providing a strong stimulus for further study of guinea pig cytomegalovirus infection.
